Abstract. The Benchmark of the Rance beams has been organised in order to evaluate the capabilities of various modelling tools, to predict the residual load carrying capacity of corroded beams. The Rance beams have been corroded in a marine environment for nearly 40 years. Different types of prestressed beams, made of different types of cement, have been subjected to four points bending monotonous and cyclic tests as well as direct traction tests. The tests have been carried on up to failure, in order to evaluate the residual carrying capacity of the beams. Different teams have participated to the blind prediction of the tests results. In this framework, the CEA/DM2S/LM2S team has performed bidimensionnal modellings which are described in details in this paper. The various constitutive elements of the beams are represented : for concrete, the isotropic Mazars' damage model is used, in a non local version, for prestressing and passive steels, an elasto-plastic strain hardening model is adopted. The corrosion effects, taken into account for the longitudinal rebars, are derived on one hand from the measurements performed on the beams after the tests, and on the other hand from the literature. They consist mainly in a reduction of the rebars cross-section, as well as in their ductility. In principle, the properties of the bond between steel and rebars are also modified by the corrosion. Here, because of the unavailability of specific data on the smooth rebars of the Rance beams, the bond has been modelled by means of specific joint finite elements. The load carrying capacity has been calculated for the monotonous as well as the cyclic tests. Moreover, a sensitivity analysis has been performed, by considering variants where either the rebars are sane, or they have only reduced sections, with their original ductility. The results are compared to the experimental database, and discussed.
INTRODUCTION
Reinforced concrete structures can be corroded either by chloride or by CO 2 attacks. Long term exposure leads to a decrease of their strength due to different factors: reduction of the rebars cross sections, reduction of the steel ductility, modifications of the steel-concrete bond properties. It is of course of particular importance to be able to carefully evaluate the residual load carrying capacity of corroded structures. For this purpose, it is necessary to determine first the degree of corrosion of the steel components of the structure, and then to evaluate its residual strength. In fact, the overall problem is even coupled since the occurrence of cracks in the concrete will accelerate the corrosion process [8] . However, the overall treatment of this problem is still a matter of research, and the corrosion and mechanical studies are most often treated in an uncoupled way.
This point of view has been followed in the case of the benchmark of the Rance beams: 20 prestressed concrete beams have been kept for nearly 40 years in a marine environment, before being analyzed. Various non destructive techniques have been applied to measure their corrosion degree. Then the beams have been subjected to mechanical tests to evaluate their residual strength, up to rupture. Afterwards, it has be possible to perform an autopsy of the beams in order to exactly quantify the corrosion degree along the main rebars. This knowledge was used as input data for the mechanical predictions of the residual load carrying capacity of the beams [1] .
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The beams differ from one another by the prestressing type, the concrete granulometry and the cement content. Five prestressing types have been considered, either with centered or eccentric prestressing.
The mechanical tests consisted in 4 points bending tests and direct traction tests. The bending tests have been performed on beams with eccentric prestressing, either in a reinforced concrete configuration (RC type) corresponding to prestressing in the upper part of the beam, or in a prestressed concrete configuration (PC type), corresponding to presstressing in the lower part of the beam, as it is done in practice, that is where traction stresses are expected. Monotonous loading as well as cycling loading tests have been run, up to failure. A large number of displacements transducers as well as strain gauges have been installed on the beams. The aim of the mechanical calculations was to predict, in 'blind conditions', these results. Eight teams using different modeling tools have participated to this exercise.
In the following, the modeling approach followed by the CEA/DM2S/LM2S team, as well as the results obtained are presented. The various assumptions and data are detailed. Additional results of a sensitivity analysis are also included in order to highlight the influence of the rebars corrosion on the results.
PRESENTATION OF THE MODEL
The finite element model is designed in order to describe in an appropriate way the various constitutive materials. Therefore, they are modelled separately, as well as their connections.
For concrete, the Mazars' model [2] is chosen, in a non local version [3] . Such a model enables to describe the dissymmetric behaviour of concrete in tension and in compression, as well as the softening behaviour. However, it does not account for anelastic strains, which can be observed after unloading. This is a drawback for the calculation of beams under cyclic loadings, in particular for prestressed concrete type (PC) tests. For the reinforced concrete (RC) type tests, because of the extension of the lower fibers by the prestressing, the cyclic effect will be less pronounced, and therefore, the importance of anelastic strains in the concrete will be significant only for large beam deflections.
The data required by the Mazars'model are the Young's modulus, Poisson's ratio, uniaxial compression strength and corresponding strain, and a residual traction strength, taken as 1% of the uniaxial traction strength. The traction strength as been identified from Brazilian tests, by applying a 70% reduction factor. The data used for the various concretes of the beams are summarized in table 1. The characteristic length associated with the non-local regularization has been taken as three times the maximum aggregate size, i.e. 3*25 mm.
For the prestressing cables as well as the sane rebars, an isotropic elasto-plastic model , with isotropic hardening , has been adopted. The hardening phase is followed by a softening one in order to be able to simulate a rupture. The residual prestress in the cables has been deduced from measures on the beams, and is given on table 2. For the corroded rebars, the same model has been adopted, but with two major modifications due to corrosion.
On one hand, in order to take into account the rebars diameter variations as measured on the tested beams, 1 cm long finite elements have been meshed on which these variations can be correctly interpolated and used to calculate the reduced cross section.
On the other hand, to account for the ductility reduction, it has been necessary to determine, for each element, a uniaxial stress-strain curve, depending on its corrosion degree estimated from the cross section reduction.
The influence of the corrosion degree on the uniaxial load-elongation curve can be illustrated by the experimental results from Almusallam [4] , shown on figure 1.
The analysis of these results in terms of ultimate stress versus the degree of corrosion shows a small variation (figure 2), which can be approximated by a constant value.
Moreover, from the same results, an analysis in terms of plastic strains at rupture in terms of the corrosion degree leads to a bilinear dependency, such as illustrated on figure 3. These results have been corroborated by A. Ouglova findings [7] .
From these results, and assuming constant Young's modulus and limit stress, it has been possible to build a uniaxial stress-strain curves network, indexed by the corrosion degree T c , applicable to all the finite elements. It is represented on figure 4 . Finally, concerning the concrete steel-bond, the limited adherence due to the smooth rebars has been modelled by means of special interface elements, together with a Coulomb type elasto-plastic model. The criterion writes:
where stands for the shear stress, n the normal stress, the friction angle, and c the cohesion. Since there was no data available on the bond properties, the model has been simplified by assuming an associated flow rule and no hardening. In order to realistically identify the parameters as well as the normal and shear stiffnesses K n and K s , experimental results of pull out tests, performed by Daoud [6] , have been simulated. These tests were run on 12 mm diameter smooth rebars in a self-placing concrete of 42 MPa compression strength and 3.4 MPa traction strength. The identified parameters are listed in table 3. 
GEOMETRY, BOUNDARY CONDITIONS AND COMPUTATIONAL ASPECTS
The various constituents of the beams have been modelled : concrete, by means of quadrangular solid elements, frames, rebars and prestressing cables by means of pinned rods, steel-concrete bond by means of interface elements, and loading and bearing plates as well as anchorage plates by means of solid elements. Concrete elements size has been taken identical to the rebars elements size, i.e. 1 cm. For direct traction tests, the pulling anchorage has also been modelled. The overall mesh, for a RC type bending test, is shown on figure 5 . For this case, the beam is simply supported on the bottom bearing plates, and the hydraulic jack load is applied on the beam through a rigid metallic beam (IPE). For direct traction tests, the beam is fixed at one end, and loaded at the other one. During the tests, it has not been possible to apply a load exactly along the beam axis (Vié [1] ). In the bidimensionnal analysis, the largest value of the measured eccentricity has been adopted.
Computations have been performed with the CEA finite element code CAST3M (Verpeaux et al [5] ). Non linearities are handled classically by means of a Newton-Raphson algorithm. For monotonous tests, displacements are controlled, whereas, for cyclic tests, the loading part of the cycle is performed under displacement control while the unloading part is performed under load control. Depending on the various beams, the test loading sequence has been applied either totally or only partly because of convergence problems, indicating some failure in the beam.
NUMERICAL RESULTS
Among all the calculation results obtained in the framework of the benchmark, only one direct traction test, and two RC type 4 points bending tests are presented.
Direct traction test
The beam 121 has been loaded monotonously in traction. In the calculation, one anchorage is simply supported, while the other one is loaded with the observed excentricity. The beam has been calculated first assuming sane rebars, and then with corroded rebars. The global 'load-deflection' responses are compared on figure 6.a. As expected, corrosion causes a reduction in the load-carrying capacity from 138 kN to 122 kN, as well as in the ductility. Figure 7 shows the final shape of the beam as well as the corresponding distribution of damage. Red zones correspond to a damage equal to 1, which means the formation of a macro-crack, while blue zones correspond to a damage equal to 0. The influence of the rebars corrosion on the final shape of the beam leads to a localisation of the crack at some distance from the anchorage device, because of the steel section reductions, while in the case of sane rebars, the crack would form at the vicinity of this device, there where the bending moment is maximum. Finally, the comparison between experimental and numerical results is shown on figure 6 .b. The beginning of the beam response is well reproduced by the model, but the failure happens earlier, due to some rebar rupture. 
Four points bending tests
The tests reported here were performed in a RC type configuration, with the prestressing cable in the upper part of the beam cross-section. As for the direct traction test, various options have been compared for the corrosion description : sane rebars, rebars with reduced sections but without ductility reduction, and rebars with section and ductility reduction. The global calculated responses are compared to the experimental ones, on figure 8 for monotonous bending test on beam 621 and on figure 9 for cyclic bending test on beam 611. As for traction test, a reduction of the load-carrying capacity of the beams is observed, which is attributable not only to the section reduction as generally stated, but also to the ductility reduction, which means that this effect should systematically accounted for in the analysis. The section reduction seems to have a limited effect on the damaged stiffness, which could be explained by the fact that this stiffness mainly depends on the cracked concrete section, which happens principally at the beginning, i.e. earlier than the plastic effect of the section reduction. For the three cases, the damage distribution are rather similar.
For the monotonous test, the overall response of the beam is fairly well reproduced, both in terms of load-carrying capacity as well as ductility. It is not the case for the cyclic test, where the ductility is much underestimated. Some deviations may already be observed during the first loading cycle, meaning that the concrete properties used in the calculation differ from the real ones. In fact, the data were 
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Reduced section and ductility obtained as mean values of tests results made on samples of concrete with identical composition, but taken from other beams. Concerning the lower ductilty, it may be partly due to either the steelconcrete bond modelling, for which a simple model has been used, with no effect of the corrosion, or the Mazars'concrete model, which is not adapted to cyclic loadings, since it does not account for the anelastic strains which are observed during unloading, and which increase the ductility by addition to the concrete elastic strains.
CONCLUSION
The benchmark of the Rance beams has been an outstanding opportunity to compare predictive methods of load-carrying capacity of corroded beams to real structures, with a lot of instrumentation. Global response of the beams, as well as local results such as strains or cracks openings have been analysed. It has been shown that the recourse to bidimensional models, where the different beam constituents are described as realistically as possible, and where the corrosion effects are accounted for through the steel cross-section reduction as well as the ductility, are capable to predict in a reasonable way the reduction in load-carrying capacity. However, in general, the beams ductility is underestimated, although the steelconcrete bond has been explicitly modelled by means of interface elements.
The improvement of the model would require firstly additional research on the effect of corrosion on the steel-concrete bond properties, and secondly a better description of the cyclic behaviour of concrete, accounting for anelastic strains, and with a better identification procedure of its parameters.
